Abstract: Semi-crystalline polymers like syndiotactic polypropylene pass during tensile deformation different stages with cross-overs at four critical points. Temperature variation above ambient changes the stresses at the critical points, but leaves the strains constant. Cooling down to the glass transition leads to the following changes: Fracture occurs before the onset of strain hardening. Yield point strain shifts to lower values. Young's modulus increases by a factor on the order of the inverse of the crystallinity, as can be expected when the amorphous regions also contribute to the transmission of forces.
Introduction
Studies of the deformation behavior of polyethylene under tensile load carried out on various samples with different crystallinity indicated that the yielding process of this semi-crystalline polymer follows a common scheme [1, 2] . It becomes apparent if the usual engineering load-extension measurements are replaced by determinations of true-stress-true-strain relations for constant strain rates. This can be achieved both for homogeneously deforming and necking samples by the introduction of a videocontrolled measurement, as was first proposed by G'Sell [3] . The same technique can additionally be employed in 'step-cycle' tests, applied to decompose the strain into an elastic recoverable and a plastic quasi-permanent part. In combination with in situ wide-angle X-ray scattering texture determination our investigations showed the existence of four critical points where the differential compliance, the recovery properties and the texture evolution change simultaneously. The changes of the deformation mechanism at the critical points could be interpreted as -an onset of isolated inter-and intralamellar slip processes at the end of the initial, purely elastic Hookean range (point A), -a turnover into a collective activity of slips at the yield point (point B), -the beginning of destruction of crystal blocks followed by the formation of fibrils (point C), -the beginning of chain-disentangling (point D).
Importantly, on varying the crystallinity from 80% for high density polyethylene to 15% for ethylene-vinyl-acetate rubbers, changing the temperature from ambient to just below melting, and on choosing different strain rates in the range between 10 -2 and 10 -4 s -1 , one observes large variations in stresses at the critical points, but the associated strains remain constant. The observation demonstrates that the deformation behavior is strain-controlled rather than stress-controlled.
After the polyethylene samples we investigated a sample of syndiotactic polypropylene (sPP) and observed the same behavior [4] : We found again the four critical points A, B, C, D and -on varying the temperature -again no change in the associated strains, different from the stresses which varied greatly. For sPP it becomes possible to deal with another interesting question: Since the glass transition takes place at -3°C one can easily study for this system the changes introduced in the deformation properties when the fluid part of the semi-crystalline structure vitrifies and a crystalline-glassy amorphous structure forms with similar properties of the two components. The results are reported in this communication.
Experimental part

Samples
The sPP used here is a commercial product supplied by FINA Oil, Brussels, and the same one as used in the previous study [4] . It has 83% syndiotactic pentades and a molar mass M W = 6·10 4 g·mol -1 . As seen in differential scanning calorimetry, the glass transition takes place at -3°C. Samples appropriate for the mechanical studies were prepared from the melt in the form of sheets with a thickness of 0.5 mm. After cooling from the melt they were isothermally crystallized at 95°C, and after completion cooled down to room temperature. Structure characterization by small angle X-ray scattering carried out at the crystallization temperature yielded a crystal thickness d c = 4.5 nm and a crystallinity φ c = 0.30. During cooling to room temperature additional thinner crystals are formed. They further increase the crystallinity but their influence on the mechanics appears negligible [4] .
Mechanical stretching tests
As in our previous studies we used the Hencky measure of strain ε H = ln λ with λ denoting the extension ratio. Drawing was carried out in an INSTRON 301 machine equipped with a heating and cooling chamber. Using an alcoholic liquid we were able to cool samples down to -20°C. Details of the video-control have already been given [1] , so we can restrict to a brief sketching. The neck profile is registered with a CCD camera. Assuming a constant volume, the local strain and stress at the center of the neck follow from a determination of the minimum diameter. Throughout the measurement, the speed of the moving crossheads is readjusted in such a way that the local strain rate is kept at a chosen fixed value. The step-cycle tests carried out to extract the elastic part of the deformation combine a stepwise stretching with interruptions by unloading-reloading cycles. The unloading goes on until zero stress is reached, and the reloading then brings the sample back to the original stress and strain values. Fig. 1 shows as an example a step-cycle test carried out at 25°C (taken from ref. [4] ).
Step-cycle measurements decompose the total strain ε H into a plastic ('base') part ε H,b and the elastic ('cyclic') part ε H,c , as Step-cycle test, carried out at room temperature for the sPP sample. The continuous curve was obtained in a non-interrupted constant strain rate run (ε H = 5·10 -3 s -1 )
Results and discussion Fig. 2 presents stress-strain curves obtained at a series of temperatures between 25 and -15°C. In the previous work [4] we determined these dependencies for temperatures above ambient, from 96 to 25°C. The curves now measured down to 8°C just represent a continuation of the former series (compare Fig. 6 in ref. [4] ). One observes a strain softening at the yield point at ε H (B) = 0.12. Curves then show a plateau, up to point C at ε H = 0.4 where strain hardening sets in. All curves for the different temperatures, between 96 to 25°C and now further down to 8°C, have a similar shape with invariant values of the points of strain softening and strain hardening. The only change concerns the stress at the plateau which increases with decreasing temperature. Also at 0°C, critical strains ε H (B), ε H (C) are still unchanged but now the sample breaks much earlier, at a strain of about 0.8. Below the yield point, i.e., for ε H < ε H (B), the curve changes its shape. As it appears, the stress at point A which marks the end of the Hookean range goes up. This becomes even more clear at -8°C; point A is now indicated by a break in the curve. Finally, at the lowest temperature of the investigation, -15°C, the yield point has decreased and is now near to a merging with point A. Fracture occurs very early at this lowest temperature, below a strain of 0.3 and before strain hardening sets in. At this temperature the material is much more brittle; the work dissipates until fracture is drastically reduced. Fig. 3 displays the temperature dependence of the plateau stress, thereby collecting results from this and the previous work. One observes a steady increase with decreasing temperature, and the glass transition produces an additional step which roughly leads to a doubling of the value. Fig. 2 . True stress-strain curves measured under video-control for a given strain rate (ε H = 5·10 -3 s -1 ) at the indicated temperatures. For the three lower temperatures, samples reached the points of fracture Fig. 3 . Plateau stress above the yield point as a function of temperature, taken from a corresponding series of true stress-strain curves Fig. 4 shows the corresponding plot for Young's modulus E. As one notes, here the effect of the glass transition is stronger. The step superposed onto the general increase of E with decreasing temperature leads in the range of the glass transition to an increase by a factor of about 4. The latter value can be understood on the basis of a simple argument. At temperatures above the glass transition where the amorphous regions are fluid, the forces are transmitted by the skeleton of crystallites only. Below the glass transition, both the crystallites and the amorphous regions, which are now glassy, contribute to force transmission. Considering that crystallinity is in the range of 30% and that the strain is homogeneous, hence, the stress is a weighted average over all parts, one would indeed expect an increase by a factor 3 -4. From the weaker effect of the glass transition on the plateau-stress we may conclude that the viscous forces arising from shear deformation of the glassy amorphous regions are lower than those necessary to produce slips between the crystalline blocks. Fig. 4 . Youngs' modulus as a function of temperature, deduced from the slopes at the origin of a corresponding series of true stress-strain curves
The true stress-strain curves provide estimates of the locations of the critical stresses. To determine the exact locations we carried out step-cycle tests, with the focus on the locations of point A and point B. presents as a function of the applied stress σ, the total strain ε H together with its two parts, the recoverable strain ε H,c and the permanent strain ε H,b . The results confirm the first impression gained from a look at the true stress-strain curves. For temperatures above the glass transition, the end of the Hookean range is always at a strain of 0.04 and the yield point is constantly at a strain of 0.12. For temperatures at and below the glass temperature the strain at the yield point shifts to lower values, down to 0.075 at -8°C. As it appears, the location of the critical strain ε H (A) remains practically unchanged. For all temperatures investigated, i.e. between 96 and -8°C, we always find ε (A) = 0.035 ± 0.005.
Hence, summarizing the evidence, transforming sPP from a crystalline-fluid amorphous state into a crystalline-glassy amorphous state changes the deformation properties under tensile load first of all in two respects: -Fracture takes place already before the onset of strain hardening. -Young's modulus increases by a factor which is on the order of the inverse of the crystallinity.
Less strong effects are a shift of the yield point to lower values and an increase of the yield stress. 
